To investigate the inter-and intra-fraction motion associated with the use of a lowcost tape immobilization technique as an alternative to thermoplastic immobilization masks for whole-brain treatments. The results of this study may be of interest to clinical staff with severely limited resources (e.g., in low-income countries) and also when 
reported to be between 1 and 3 mm. [13] [14] [15] [16] In another study using optical 3D surface imaging to assess intra-fraction motion for whole-brain treatments, Wiant et al. found that the average position change was submillimeter in magnitude using open face thermoplastic masks. 22 There are few studies on simple immobilization techniques. One study, published during the transition to thermoplastic mask immobilization systems, quantified the number of isocenter shifts. It showed a reduction in repositioning frequency when thermoplastic masks were fixed to the treatment table compared to when straps were used. 23 However, they did not report the magnitude of positioning errors and did not assess intra-fraction uncertainties. The assessment of the reproducibility of simple, tape-based immobilization technique for whole-brain treatments would allow clinician confidence in using these techniques and could guide the development of accurate margins for treatment.
In this study, the viability of a simple method for WBRT immobilization was evaluated. Optical imaging was used to assess inter-and intra-fraction reproducibility of two techniques, and these were compared to published values of mask-based techniques. This study represents an addition to the published literature allowing for confidence in the use of a simple, low-cost, and effective immobilization technique for WBRT.
| MATERIALS AND METHODS

2.A | Treatment setup
This study was approved by our local institutional review board and consent was acquired for each volunteer. Eight healthy volunteers (median age: 27, three males and five females) were positioned on the treatment Once the pictures were collected, the patient left the treatment 
2.B | Description of software
In-house software 24 was used to evaluate intra-fraction motion of the square markers. The anterior video was used to calculate intrafraction motion in the superior-inferior (S-I) and left-right (L-R)
directions. The corners of the central square marker were manually selected and used to calibrate the pixel size in the image. Corner detection and optical flow were used to track the marker motion throughout the 5-minute video. For the lateral video, the superior square marker (closest to the temple) was used to calibrate the pixel size, and intra-fraction motion was calculated for the S-I and anterior-posterior (A-P) directions.
In the five inter-fraction images, the corners of one square marker were manually selected and used to calibrate the pixel size in the image. The central marker was used to calibrate the anterior images, and the inferior marker was used to calibrate the lateral images. To quantify inter-fraction motion, one corner of a square marker was manually selected, and the range of its positions was measured in each of the five images. For the anterior view, the left superior marker was used to measure setup reproducibility in the S-I and L-R directions. For the lateral view, the superior marker (temple) was used to measure setup reproducibility in the S-I and A-P directions.
The software's ability to accurately calculate motion was validated using a video with a marker moving a known distance. In the validation video, a square marker was taped on the treatment table, and the table was shifted 10 mm manually in both longitudinal and lateral directions. Since manual selection of marker corners is required for pixel size calibration of the software, the video with the known shift was measured 10 times to test the manual selection consistency.
2.C | Analysis of inter-and intra-fraction motion
For the intra-fraction measurements made using both the anterior and lateral cameras, paired samples t-tests were used to compare 
| RESULTS
For the marker motion validation, the mean shift measured by the software for a 10.0 mm manual shift was 9.9 AE 0.1 mm along the lateral direction and 9.6 AE 0.1 mm along the longitudinal direction.
Overall, the uncertainty in any single measurement would be within 0.5 mm. Figure 3 shows the maximum intra-fraction displacement in the x and y directions for each volunteer for the two setup techniques.
The maximum displacement for all volunteers was 2.8 mm. The intra-fraction net displacements with time are shown for two volunteers in Fig. 4 . It was observed that the displacement tends to increase with time, with the maximum displacement typically found at the end of the treatment. Displacement for all volunteers with time from the anterior and lateral cameras is in the Supplementary Data. Spikes were observed in the data and were due to sudden movements such as swallowing. None of the t-tests comparing the immobilization methods were significant (Table 1 ). Figure 5 shows the inter-fraction range of positions in the x and y directions for each volunteer for the two setup techniques. The maximum range for all volunteers was 5.4 mm. The difference between the immobilization techniques for the lateral view in the x direction (S-I) was significant (P < 0.05); however, the difference between the means was only 1 mm. All other comparisons were not significantly different (Table 2 ).
| DISCUSSION
Individual thermoplastic masks are widely used for localization and immobilization during radiation therapy of targets in the head region.
Although necessary for complex head and neck treatments, these masks are also used for simpler treatments such as whole-brain irra- | 119 methods to assess uncertainties vary widely so direct comparisons are not straightforward.
While thermoplastic masks have become the standard for reducing inter-and intra-fraction position uncertainty for head and neck treatments and WBRT, this study shows that immobilization techniques using strips of tape may be reasonable alternatives for WBRT and could be used as surrogates in emergency procedures and limited resource environments. In addition, the tape immobilization techniques may be appropriate for patients suffering from claustrophobia while using the thermoplastic mask. One potential advantage of thermoplastic masks over the tape methods is the prevention of large intra-fraction motion resulting from sudden movements such as coughing and sneezing. Such motion has been investigated in other studies. 17 There are a few limitations to this study. First, the use of young and healthy volunteers to assess patient positioning may not reflect clinical scenarios with real patients. In addition, the intra-fraction motion analysis might have not accurately represented a real treatment delivery because there was no motion of the gantry, collimator, or MLC which could distract or startle the patient. Lastly, only the shift (3D correction) without including the rotation (6D correction) was studied. Thermoplastic masks may have less uncertainty in 3D rotation, in particular, for inter-fractional uncertainty, in comparison with the tape immobilization. As such, the results of this study probably represent a best-case scenario.
The small magnitude of intra-fraction motion found in this study is of particular interest to clinics where daily imaging is used to position patients. Although daily image-guided radiation therapy (IGRT) is not standard practice when treating whole-brain patients, it is not difficult to imagine a future where all patients are treated using daily IGRT given the overall gains in patient safety (such as eliminating patient setup or shift errors) [25] [26] [27] that may be attributed to daily IGRT. Daily imaging could effectively minimize the inter-fraction position uncertainties such that the intra-fraction motion would
Comparison of the intra-fraction motion for two immobilization techniques. The data shown are for two volunteers using the video from the lateral and anterior camera. The Euclidean (net) displacement was calculated and plotted for each frame of the video. Graphs for all volunteers and all camera views are available in the Supplementary Data. 
| CONCLUSIONS
The magnitude of inter-fraction and intra-fraction motion found using the "1-strip" and "2-strip" tape immobilization techniques was comparable to motion restrictions provided by a thermoplastic mask for WBRT. The results suggest that tape-based immobilization techniques have potential for treating whole-brain patients. This is especially true if daily imaging is used to minimize inter-fraction motion and treatment time is kept short to minimize intra-fraction motion.
Various limitations of this study mean that a patient study is needed before concrete treatment proposals can be developed.
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R E F E R E N C E S SUPPORTING INFORMATION
Additional Supporting Information may be found online in the supporting information tab for this article. All net displacements were below 2.8 mm for both immobilization techniques. Table S1 The maximum displacement from first fraction along x and y directions captured by both cameras for intra-fraction reproducibility. Table S2 The range of values in the x and y directions by both cameras for inter-fraction setup.
